Abstract OBJECTIVES: Recent studies suggested association between impaired left ventricular long-axis function and arrhythmic events early after open heart surgery. This prospective study investigated the predictive value of a depressed intraoperative global longitudinal strain (GLS) for postoperative atrial fibrillation after isolated aortic valve replacement in patients with preserved ejection fraction.
INTRODUCTION
Postoperative atrial fibrillation (POAF) is common after aortic valve replacement (AVR), with an incidence rate ranging 33-65% [1] [2] [3] . It is clinically evident that patients who developed newonset POAF after valvular surgery have increased risk of adverse events, including haemodynamic instability, heart failure, stroke, prolonged hospitalization and, more importantly, short-and longterm mortality [3, 4] .
In the setting of aortic stenosis (AS), left ventricular (LV) hypertrophy develops as an adaptive mechanism in response to AS-induced pressure overload, acting to preserve a normal left ventricular ejection fraction (LVEF) [5] . Nevertheless, recent studies using speckle-tracking imaging have demonstrated a significant impairment of LV long-axis function early in the AS-related disease process despite a normal LVEF [5] [6] [7] [8] . Since LV dysfunction was found to be associated with an increased risk of arrhythmic events after valvular surgery [2] [3] [4] 9] , we hypothesize that global longitudinal strain (GLS), a sensitive measure of LV mechanics, may predict post-AVR atrial fibrillation in AS patients with a normal LVEF.
However, techniques in echocardiographic strain imaging that assesses LV long-axis function have been developed principally for transthoracic echocardiography (TTE). There are very limited studies related to strain imaging on transoesophageal echocardiography (TOE) for intraoperative evaluation of LV longitudinal deformation [10] . Although the feasibility and reproducibility of TOE for accurately quantifying left ventricular global longitudinal strain (LV-GLS) have been demonstrated recently [10, 11] , no previous study has formally investigated the potential relationship between a dynamic change of intraoperative LV-GLS and the occurrence of POAF. Thus, in the present study, we sought to prospectively examine the predictive utility of intraoperative LV-GLS that is tracked by TOE semiautomatically for the development of POAF in AS patients with preserved LVEF.
PATIENTS AND METHODS

Study population
This was a single-centre prospective observational study. Between June 2011 and November 2013, we prospectively recruited patients who were admitted to our institute for isolated AVR due to symptomatic AS. Patients with LVEF <50%, previously documented atrial fibrillation or flutter, potentially reversible LV function (i.e. hyperthyroidism, alcohol induced) and history of cardiac surgery were not enrolled. All patients were followed for the occurrence of POAF during hospitalization. The clinically relevant POAF was considered as episodes of an irregularly irregular rhythm with a fluctuating baseline and no discernible P waves lasting more than 30 s, which required either pharmacological or electrical intervention [1, 12] . The study protocol was approved by the Institutional Review Board of West China Hospital (No.2011211), and written informed consent was obtained from all the patients.
Operative techniques
All patients were approached through a median sternotomy. Cardiopulmonary bypass was established using mild systemic hypothermia (32-34°C). Under antegrade cardioplegic arrest, a transverse or oblique aortotomy was created and the diseased leaflets and annular calcifications were removed. The size of the prosthesis was determined according to the diameter of the aortic annulus, which was measured with the manufacturer's sizers. The prosthetic valve was then implanted in the supra-or para-annular position using 2-0 interrupted polyester mattress sutures. No patient underwent aortic annular enlargement or root replacement. Details of intraoperative data are summarized in Table 1 .
Echocardiographic examinations and global longitudinal strain analysis
Echocardiographic examinations (iE33 system; Philips Medical System, Andover, MA, USA) were performed with a multiplane 3.5-MHz probe for TTE and a 4.9-MHz probe for TOE. At least three consecutive cardiac cycles were recorded for each view. Preoperatively, echocardiographic parameters were measured by TTE in accordance with the recommendations of the American Society of Echocardiography and European Association of Echocardiography [13] .
The intraoperative TOE was performed before surgical incision (T1) and after closure of the sternotomy at the end of the surgery (T2). Midoesophageal four-chamber (0-20°, Fig. 1A and D) , midoesophageal two-chamber (70-90, Fig. 1B and E) and midoesophageal apical long-axis (110-130°, Fig. 1C and F) images were collected. Special care was taken to ensure haemodynamic stability during TOE measurements. All echocardiographic images were recorded at end expiration by withholding positive-pressure ventilation during image acquisition, and settings were adapted to obtain a frame rate of 60-90 frames per second. Two-dimensional speckle tracking was performed using a semiautomatic algorithm as described by Ersboll et al. [14] with commercially available software (QLAB 9.0, Philips Medical System, Andover, MA, USA). GLS was calculated by the software as the mean of strain values of all the tracked LV segments. Throughout this article, reduced systolic strain indicates less negative values. 
Observer variability
The interobserver and intraobserver variabilities of the GLS measurements were studied (six images for each patient) in a blinded fashion in 30 patients, randomly selected. 30 patients two independent echocardiographers (Ling Peng and Ya-jiao Li) reanalysed the images for interobserver agreement, and the readings were repeated after 8 weeks for intra-observer agreement.
Statistical analysis
Continuous variables are expressed as mean ± standard deviation, and categorical data as frequency percentages or absolute numbers. The normality of the continuous data was analysed by the Shapiro-Wilk test. Independent continuous variables were compared by unpaired Student's t-test for normally distributed data, and the Mann-Whitney U-test was used for the comparison of parameters that did not exhibit a normal distribution. Categorical variables were compared using the χ 2 test or Fisher's exact test when the expected values in any of the cells of a contingency table are below 5. The relationship between intraoperative GLS (T1) and preoperative echocardiographic parameters was assessed by Pearson's correlation. Receiver operating characteristic (ROC) curve analysis was used to identify the best cut-off values of the GLS TEE parameter for predicting POAF. The Bland-Altman test and the intraclass correlation coefficient were used to compare agreement and reproducibility between the measurements of the two independent observers. A Cox proportional hazards model was used for multivariate analysis (forward stepwise) to investigate which risk factors identified by univariate analysis (P < 0.05) were of significantly predictive value for new-onset POAF. Statistical analyses were performed using SPSS version 16.0 (SPSS, Inc., Chicago, IL, USA).
RESULTS
Patient profile
A total of 107 patients (mean age, 51.6 ± 6.3 years) were enrolled, and patients were divided into two groups according to the presence of POAF. All patients had moderate-to-severe AS (mean aortic valve area index, AVAi = 0.56 ± 0.12 cm 2 /m 2 ), and the mean LVEF was 55.1 ± 4.4% (Tables 1 and 2 ). The in-hospital mortality rate was 1.8% (2/107).
Left ventricular longitudinal strain analysis
The number of LV segments tracked by TOE at T1 and T2 time points were 1928/2247 (85.8%) and 1868/2247 (83.1%), respectively (Table 3) . Pearson's correlation demonstrated that reduced GLS T1 was significantly related to increased LV end-systolic volume (r = 0.61, P = 0.04) and LV mass index (r = 0.66, P = 0.04), reduced AVAi (r = −0.71, P = 0.02), higher transvalvular gradient (r = 0.72, P = 0.03) and elevated E/e 0 ratio (r = 0.85, P = 0.008); however, LAVi (r = 0.34, P = 0.156) was not significantly related to GLS T1 .
The interobserver correlation coefficient of the GLS measured by two independent investigators was 0.939 [95% confidence interval (CI): 0.7-1.8] and the intraobserver correlation coefficient of the GLS measured on two different occasions by the same investigators was 0.966 (95% CI: 0.6-2.1). The Bland-Altman analysis demonstrated a good intra-and interobserver agreement with relatively narrow limits of agreement for GLS analysis on TOE images (−0.7 ± 2.6 and −0.5 ± 1.3%, respectively).
Incidence of postoperative atrial fibrillation POAF was documented in 37 patients (34.6%) after a median of 4.4 ± 2.1 days, and mostly occurred 36 h after surgery (35/37, 94.6%). Totally, 29 patients (27.1%) experienced 37 complications other than POAF. Patients with POAF demonstrated a significantly higher rate of low cardiac output syndrome (P = 0.02) and lung infection (P = 0.026), and tended to have a higher risk of acute renal injury (P = 0.051) and ventricular arrhythmia (P = 0.059). Moreover, the length of postoperative hospitalization and mechanical ventilation was significantly longer in patients with POAF (Table 4) .
Global longitudinal strain in relation to postoperative atrial fibrillation
On univariate analysis using a Cox proportional hazards model, risk factors that were associated with the occurrence of POAF (P < 0.1) included age, LAVi, AVAi, preoperative use of β-blockers, E/e 0 ratio, GLS T1 , GLS T2 and ΔGLS%. The hazard ratio (HR) of each variable is shown in Table 5 . Using multivariate Cox analysis, GLS T2 (HR: 1.21; 95% CI: 1.06-1.56, P = 0.031) and ΔGLS% (HR: 3.66; 95% CI: 1.85-6.79, P < 0.001) were independent predictors of new-onset POAF ( Table 5 ). The additional benefit of intraoperative GLS to predict POAF is shown in Fig. 2 , and the addition of ΔGLS% markedly improved the predictive utility of the model containing age, LAVi, E/e 0 ratio and GLS T2 . ROC curve analysis identified a GLS T2 value of −12.75% and a ΔGLS% value of 19.50% as the best cut-off point for the prediction of POAF. The area under the ROC curve of ΔGLS% is the greatest; however, the areas under curves between GLS T2 and ΔGLS% are not statistically different (Fig. 3) .
DISCUSSION
In the present study, we found that a significant reduction of left ventricular global longitudinal strain during AVR was an independent predictor of POAF in AS patients with preserved LVEF. Moreover, intraoperative evaluation of LV longitudinal deformation by TOE is feasible, and enables risk assessment and predicts arrhythmic events after open heart surgery. To the best of our knowledge, this single-centre, prospective study reports for the first time that an impaired left ventricular global longitudinal strain tracked by intraoperative TOE with a semiautomatic algorithm predicts POAF in particular surgical patients.
New-onset POAF in patients undergoing AVR was associated with increased short-term morbidity, mortality and prolonged length of hospital stay [2-4, 6]. It has even been reported that patients who developed this complication have a higher rate of late mortality up to 10 years [2] . The predictive value of left ventricular global longitudinal strain for POAF may be determined by the ability of GLS to reflect the function of ventricular subendocardial fibres, which are located in the inner ventricular walls of the heart and are sensitive to hypoperfusion [5] [6] [7] [8] . As the subendocardial fibres of the left ventricle are mainly oriented longitudinally and are susceptible to greater detrimental effects of AS-associated pressure overload, it is believed that LV longitudinal function became altered earlier than the midwall function [5, 6, 14] . Several studies have suggested an incremental value of left ventricular global longitudinal strain over conventional predictors of arrhythmic events and allcause mortality in patients with stable chronic heart failure or acute ischaemic myocardial infarction [6, [14] [15] [16] . Similarly, in the setting of open heart surgery, multiple stimulants induced by cardiopulmonary bypass adversely affect the perfusion of the subendocardial fibres. Therefore, a reduced GLS (as indicated by GLS T2 and ΔGLS%) immediately after on-pump cardiac surgery may reflect worsening LV function, resulting in elevation of filling pressures in the leftsided heart chambers. From a pathophysiological point of view, elevated filling pressure increases LA myocytes stretch and atrial effective refractory period dispersion through mechano-electrical feedback, and ultimately predisposes to POAF [9, 17, 18] . Tables 1 and 2 .
ADULT CARDIAC
During recent decades, echocardiographic and clinical predictors of POAF have been extensively studied, and older age and enlarged LA size are consistently reproducible predictors. However, in the present study, age and LAVi were not shown to be independent predictors for POAF. A possible explanation might be that our study population is relatively younger compared with previous studies [9, 12, [17] [18] [19] [20] . It is likely that the greater collagen content of the atria in older patients or other factors related to the biology of aging might not play a significant role in predisposing the development of POAF in the present young population. More importantly, all patients in our series present with normal LVEF, which indicates an early disease course of AS-related pathophysiological changes [7, 8] . Thus, it is likely that: (i) LA volumetric properties that generally indicate a mid-to-later stage of atrial remodelling might not be an effective predictor of POAF in AS patients with preserved LVEF, and (ii) reduced left ventricular global longitudinal strain demonstrated by intraoperative TOE could be more accurately reflecting LA mechanical and electrical dysfunction early after surgery, and could be of incremental value for the prediction of POAF.
The purpose of exploring sensitive predictors to identify patients at the highest risk for POAF is to allow for selective prophylaxis for those who are most likely to benefit. Multiple studies have shown the effectiveness of prophylaxis with perioperative treatments such as β-blockers, statins, intravenous magnesium and amiodarone in important patient subgroups [21] [22] [23] [24] [25] . However, the cost-effectiveness and the necessity of using these protocols like the amiodarone protocol used in the PAPABEAR study [25] are questionable. As demonstrated in ours and other studies [2-4, 6, 12, 14, 20-25] , new-onset POAF mostly occurred 24 h and within 5 days after cardiac surgery; it might be ideal to initiate the prophylactic treatments immediately after surgery, like the effective regimen for amiodarone use in the RASCABG studies [22, 23] . For this reason, more sensitive and reliable predictors are required for developing a cost-effective prophylactic strategy. As intraoperative TOE assessment of LV function performed by anaesthesiologists has become routine in the practice of current cardiac surgery, and the automated functioning imaging program available in our iE33 echocardiographic machines can analyse the strain imaging in a short time, it would therefore be feasible and convenient to have sensitive parameters such as ΔGLS% that contain both baseline (GLS T1 ) and intraoperative (GLS T2 ) information to predict POAF in particular patients.
The present study has several limitations. Firstly, the generalizability of our study is limited to a specific type of open heart surgery and patients. However, the intraoperative approach of predicting the risk of POAF may give new insight into future studies that aim to optimize prophylactic strategies for prevention of POAF. Secondly, our study did not include patients who had poor image quality for strain measurements or presented with unstable haemodynamic conditions during TOE assessments, which might potentially bias the study population. Nevertheless, the incidence of POAF in our cohort was comparable to other studies [1] [2] [3] [4] , indicating that the study group might not be biased towards a higher risk population. Although this study is strengthened by its prospective design, the patient population is relatively small, and we cannot exclude the possibility that other confounders such as interaction between preand intraoperative antiarrhythmic drugs and LV long-axis function may have influenced our results.
CONCLUSIONS
POAF is a common complication after AVR and is associated with an increased risk of adverse outcomes and prolonged hospital stay. The significantly depressed left ventricular global longitudinal strain during open heart surgery, which can be easily calculated from intraoperative TOE with a semiautomated algorithm, is of incremental predictive value for POAF in AS patients with preserved LVEF. GLS T2 and ΔGLS% are useful for intraoperative risk stratification in clinical practice and further studies to assess the efficacy of targeted prophylactic treatments are required.
